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EQUILIBRIUM AND POWER BALANCE CONSTRAINTS ON A QUASI-STATIC,
ORMICALLY-HEATED FRC

K. F. McKenna, D. J. Rej and M. Tuszewski
Los Alamos National Laboratory
.38 Alamos, New Mexico 87545

I. Introduction

In present experiments, FRC's (field-reversed configurations) are generated
on "dynamic" time scales using pulsed high—power theta-pirch technology, 1 uhien
does not easily extrapolate to reactor-size devices. The attractiveness of FRC
reactor scenarios would be enhanced by the development of quasi-static
(1. e. formation time >> Alfven time) formation techniques requiring moderate
power levels. In this Eegort the quasi-static formation of FRC plasmas is
analytically investigated.“» The set of equations which yield the time
evolution of the ohmically-heated-plasma parameters, under the constraints of
radial equilibrium and plasma energy losses, are presented. Subject to the
simplifying assumptions used in the model, this equation set ig completely
general and would applvy to any ohmically-heated FRC. A sample calculation {8
presented 1in which the FRC azimutha current, Ie, is generated by the
rotating-magnetic-field (IMF) technique.

I1. Governing Equations

An infinitely long, ohmically-heated FRC {8 considered. The electron and
fon energy balance equations for a unit volume of the plasma are,

‘Iad’z‘ (nkT,) = nJg = P4 - ;.nk[ - Y= (i)
eq Fe
3 d 3 (Te = Tp) Ty
% (nkT,) = 5 nk | - - 1,
- dt eq Fi (1b)
where the reslctivity, n, {8 assumed classical. P - n(t)Xan(O)Lz, is the

radiation power due to the {nitial fraction F_ of 1mp‘:?ty element z with the
cooling rate, L7, as computed %y Post, et. al. . Teq 18 the electron-{oun
equilibration timeé. 1., and The 8re the {on and elec?r n thermal energy
con/inement tines respectivelv, with 1 - 1 (rHIZp Y where, £, = 1 for
classical conduction losses and & 6 <] for igusen aredter than classical, 1 is
the speciern self-collisfon time, Jw {fa the wall radius, and Dy is the gyroégdius
at the meparatrix.

The radial distrfhution of particle density, n, and azimuthal current
density2 Jy, are spe-ified by assuming rigid-rotor profiles, n = "ma sech” K
((r/rn) - ?l where r_{: the magnetic axis, and J43 = new.. It {s further
assumed that the FRC Yn contained within a flux-conserving wall ot vadius T, WO
that r = r,, where r_ = /2r, {8 the separatrix radius. Taking K = 2,
conservation of particles yYeldn LI * 2n where n, is the {nitial fi1l
denrf{ty. The radial equililtrium conntrafnt requ?ren

2
Npax ¥(Te + Ty) = By, /2u,, (2)

where the magnet{:- field at the wall, Bw, i{s conatrained through Ampere’s law by

the FRC azfmuthal currert,
”\‘
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Ohmic dissipation results in FRC heating on relatively long time scales.
This prerents the possibility of '"puff-gas injection" during the heating
process. In anticipation of the example calculation given in gsection III, the
fill density, no, i allowed to increase uniformly with temperature as,

ng(t) = ng(0)[(T, + Ty )/To(0) 1/ €20+ | (4)

where v > 0, T_(0) and n,(0) are the electron temperature and density at .ime
t =0, and T iO) = 0, %emperature is assumed to be independent of radius. The
equations which result from integrating Eqs. la and 1b over the plasma volume,
using the above expressions, can be solved to yleld the time evolution of the
plasma parameters for a given r,» Y, and the initial equilibrium corditions,
Te(O),no(O) and jg(0).

{I1. Example Numerical Calculation ; FRC's Formed bty the RMF Technique

Figure 1 {1lustrates the RMF generation uf an FRC. This technique has been
successfully demonstrated 1. small-scale devices. 16y According to Blevin and
Thonemann,“ the electrons are tied to the rotating field lines, of magnitude Bo’
resulting in a rigid-rotor current distribution j, = newr when, Yee > w D We g
and V,_,i/wc ¢ 1, where w {8 the rotating-field frequency, w.e and w.y are the
electron anﬁ ion cyclotron frequencies (with respect to Bo) and Veg 18 the
electron-ion collisfon frequency.

Integrating j over radius ylelds, 19 a wn, for the total equilibrium
current. This current can be maintained by programming in time the
rotating-fleld frequency, w, and/or N, through puff-gas injection. Allowing w a
noY, the radial equilibrium constraints require that no(t) vary with temperature
as shown in Eq. 4 and so

w - w(O)[(Te + Tl)/Te(O)]Y/2(Y+l) (5)

where w(0) {8 the value of w at t = O, Note that as Y + =, n (t) + n_(0) ({.e.,
1/ o o

no gaf injection) and w a (T + Ty).

he numerical results of Hugrass and Grimm.8 show that the rotating field
can penetrate and bc sunrtained within the plasma 1f the penetration condition Is
satisfied, v ,r /w.,6 < 1, yhere § is the classical skin depth. Taking, from
“oltw/ Yce

past experimental results,” w = ché which sets an upper bound on B_, and using

e

Eqe. 4 and 5 {t can be shown? that t penetration rondition has the functional
form,
Vel Tw i Y
= F{ng(0), w(0), Te(0), 1y, (14 T/T) /(T /T(0)) (6)
ce

where A = [(¥/2 =~ 1)/(Q2y + 1)) +3/4, 1f F <]l at t =0, then for y > 1/8 the
penetration condition {n satisfied for all time t. Thus, the bounds on y are
1/8 <y « e, The i{nit'nal rotating fleld frequency, w(0), “m obtained from the
combination of the Eqs. 2 and 3 cvaluated at t = 0, and can ve written as,

1/2
w(0) + €, [Ty /ny 001 re 2 (7

w !

where C’ in & conatant. Subatuting Eq. 7 into Eq. v, evaluated at t = 0,
yieldn,® for the inftial f111 dennity,

475
n (0) = €, (To(M)/r,%) ", (8)

whete C, {8 & constant.
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For the {1initial conditions Te(O) = 2ev, T,(0) = 0 End rH = 40 cm, Eqs. 7
and 8 give w(0) = 1.3 x 10° rad/sec and no(u) = 1.5 x respe - _vely.
The solution of Egs. la and 1b for Yy = = (constant fill density) an [ = 1/8
(maximum rate of gas injection), for the above set of conditions. 18 plocted in
Fig. 2. Radiation and transport losses ~ been neglected so these curves give
the wupper bounds on T_ and T;, assuming classical resistivity. The
corresponding n o(t) and w (t) for this case are shown in Fig. 3. Although gas
injection reaults in a somewhat lower T ., it is technologically advantageous in
view of the siguificantly smaller increase in rotating field frequency, w, than
required without gas injection. The effect of impurity i1adiation 1s shown in
Fig. {, where T_ 4s given for vy = 1/8 and oxygen impurity fractions, ranging
from O to 15% of fhe initial fill density. The relatively weak effect nf
radiation on the temperature time history is attributsble to low initial density
n (0). The scaling of T, with wall radius is displayed in Fig. 5 for wvarious
t?mes. As can Dbe soen, the time required to ohmicaly heat quasi-statically
formed FRC's to :emperatures of fusion interest increases with the device radius
squared. Figures 6 and 7 show the effects of cross-field thermal conduction on
the electron temperature time-history for r 6 = 40 cm, Y = 1/8, and 2Z oxygen
impurity. Electron thermal conduction losses many times faster than classical
can be tolerated (Fig. 6.). However, ion thermal transport (Fig. 7.) only
about a factor of two greater than classical is sufficient to clamp T_ at
uninterz2sting values; a 1-D model 18 required to adegqnatcly investigate this
effect. For the Y = ® (constant density) case, {on energy transport is
unimportant since the 1low 1nitisl density results in 4] characteristic
electrorn-ion equilibration time that greatly exceeds the ohmic heacirg time (see
Fig. 2).
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